Picolinamide (PA) and isonicotinamide (INA), two structural isomers of pyridinecarboxamide, have been investigated by matrix isolation and low-temperature solid-state infrared spectroscopy, combined with UV (λ > 235 nm) photoexcitation and density functional theory and ab initio (MP2) theoretical studies. In consonance with the theoretical data, both PA and INA were found to exist in a single conformation in cryogenic rare gas matrixes. Comparison between the experimental spectra of the matrix-isolated compounds with those theoretically predicted allowed for full assignment of the experimental spectra. In situ UV (λ > 235 nm) irradiation of the matrixes showed that only PA reacts, with production of isocyanic acid and pyridine, the first photoproduct further reacting to yield CO + NH and cyanic acid. The different photochemical behavior of the two compounds was explained taking into consideration their different structures. The infrared spectra of (i) the low-temperature glassy state resulting from fast deposition of vapors of the compounds onto a substrate cooled to 10 K, (ii) the crystal resulting from the annealed amorphous film of the compound, and (iii) the room-temperature crystals (R-phase) of the studied compounds were also obtained, fully assigned and correlated with intermolecular interactions present in the condensed phases, in particular H-bond interactions, showing that these latter are stronger in INA than in PA.
Introduction
Picolinamide (PA; 2-pyridinecarboxamide) and isonicotinamide (INA; 4-pyridinecarboxamide) are pyridine derivatives bearing the carboxamide group at the and γ positions, respectively (Scheme 1).
Both compounds show important biological activity. [1] [2] [3] [4] [5] [6] PA was found to be a strong inhibitor of poly(ADP-ribose) synthetase, 7 while INA has been shown to possess strong antitubercular, antipyretic, fibrinolytic, and antibacterial properties. 8 Because of their strong pharmacological effects, mixed salts of INA find extensive use as drugs in various biological and medicinal processes. 8 In both PA and INA, the pyridyl ring is structurally rigid, but the carboxamide moiety can in principle adopt different rotameric structures. 9, 13 An important aspect of the amide linkage is its partial double bond character that results from donation of lone-pair electron density from the amide nitrogen to the carbonyl group. This leads to a significantly higher barrier to C-N amide bond rotation than those found in amines and, in general, also to planarization of the molecule around the amide nitrogen atom. 14 In the two compounds considered in the present study, the degree of π electron donation within the amide group can be expected to be affected to some extent by electronic effects due to the pyridyl ring. Other direct interactions between the -NH 2 amide group and the pyridyl moiety shall also take place, such as electrostatic and steric interactions. All these interactions can be expected to be different in PA and INA, due to the different location of the ring nitrogen atom in the two compounds relative to the amide group.
To the best of our knowledge, the molecular structure of PA has not been investigated experimentally in the gaseous phase. In solution [in CDCl 3 , CD 3 CN, and (CD 3 ) 2 CO], PA was studied by 1 H NMR by Sathyanarayana and co-workers, 9, 10 who have suggested, on the basis of the observed chemical shifts of the amide protons, that the molecule should be planar and bear an intramolecular hydrogen bond between the -NH 2 amide group and the pyridyl nitrogen atom. No evidence of any additional conformational state was found in those studies. 9, 10 Further 1 H NMR analysis of PA, complemented with ab initio and DFT molecular orbital calculations, has been undertaken by Olsen et al., 11 who focused their attention particularly to the amide rotational barrier in this compound in comparison with nicotinamide (NA; 3-pyridinecarboxamide). They concluded that the average amide rotational barrier of PA in nitrobenzene and pyridine solutions amounts to ca. 76 kJ mol -1 (∆H # ), 11 which is higher than the corresponding barrier in NA (∆H # ≈ 54 kJ mol -1 11 ), mainly due to the presence in PA of the abovementioned intramolecular H-bond between the amide group and the pyridyl nitrogen atom. More recently, Leskowitz et al. 12 performed similar studies on INA and found that the amide rotational barrier in this compound lies between those of PA and NA (∆H # ≈ 59 kJ mol -1 12 ). In their study, Leskowitz et al. presented an analysis of the relative importance of steric, electronic, and H-bonding effects in the three regioisomers (PA, INA, and NA) in relation with the amide internal rotation. The slightly higher amide rotational barrier in INA, compared to that of NA, was attributed by Leskowitz et al. to the more efficient stabilization of the transition states for the amide internal rotation (which were calculated to have the nitrogen atom pyramidalized 12 ) in NA, compared to the other two compounds.
As for PA, the molecular structure of INA has not been studied experimentally in the gaseous phase. Theoretical studies on this molecule have been reported by Yurdakul et al., 8 Leskowitz et al., 12 Bakiler et al., 13 Filho et al. 14 and Akyuz et al. 15 (PA was also considered in ref 13 ).
Solid-state structural studies have been reported for both PA and INA. 16, 17 According to X-ray crystallographic analysis, 16 PA crystallizes in two modifications, both belonging to the monoclinic space group P2 1 /a, with four molecules in the unit cell. In one modification (R phase; a ) 16.42, b ) 7.11, c ) 5.19 Å, ) 100.2°), two PA molecules are joined together by a pair of NH‚‚‚O hydrogen bonds to form a dimer, and such dimers are linked by a second set of NH‚‚‚O hydrogen bonds to make endless chains that are parallel to each other; in this modification, the ring does not contribute to hydrogen bonding and the adjacent chains are held together by van der Waals forces. 16 The second crystalline modification of PA ( phase; a ) 20.04, b ) 11.32, c ) 5.36 Å, ) 98.6°) exhibits a dimeric structure similar to that of the first one, but in this case the lateral linkage of the dimers involves the participation of an atom of the pyridine ring as H-bond acceptor. 16 In both crystalline modifications, the carboxamide group was found to be planar, with the angle between the pyridine and carboxamide moieties being equal to 19°in the first crystalline modification 16 (to the best of our knowledge, no data for this structural parameter in the second crystalline modification has been reported hitherto).
INA does also exhibit polymorphism. 17 Upon recrystallization from nitrobenzene or nitromethane, one crystalline variety is obtained (R, rodlike crystals), while recrystallization from other solvents, such as ethanol, water, or tetrahydrofuran, produces a second modification ( , platelike crystals). Both crystalline varieties are monoclinic, space group P2 1 /c, with four molecules per unit cell, the cell parameters being (a ) 10.176, b ) 5.732, c ) 23.008 Å, ) 98.04°; one molecule in the asymmetric unit) and (a ) 15.735, b ) 7.998, c ) 9.885 Å, ) 105.59°; two molecules in the asymmetric unit), respectively, for rodlike and platelike crystals. In the two crystals, the INA molecules exhibit their amide group slightly twisted out of the plane of the aromatic ring (30.5°in crystal R and 25.4 and 24.0°in crystal ). 17 In crystal R, INA dimers are formed and connected into an infinite assembly through symmetry-related NH‚‚‚O hydrogen bonds aligned perpendicularly to the long axis of the dimers. As for one of the PA crystalline modifications, 16 in this crystalline variety of INA there are no hydrogen bond interactions involving the pyridine ring, neighboring chains being kept together by van der Waals forces. 17 In crystal , the head-tohead dimeric motif is replaced by the NH(amide)‚‚‚N(pyridine) head-to-tail interaction and a catameric NH‚‚‚O hydrogen bond, with the direction of the catamer being almost perpendicular to the chain generated by the amide‚‚‚pyridine interaction (each asymmetric molecule gives rise to an independent assembly but with identical hydrogen bond connectivity). 17 Both crystalline INA modifications are stable for years under normal pressure and temperature conditions. 17 From a vibrational point of view, both PA and INA have been studied previously in the solid state and adsorbed to surfaces. 8, [13] [14] [15] [18] [19] [20] Surface enhanced Raman spectroscopy (SERS) has been proposed 20 as a useful tool for quantitative determination of PA and INA (and also NA) in very low concentrations (ppm level). The vibrational spectra of the polycrystalline compounds (noncharacterized crystal modifications) in KBr pellets at room temperature have been tentatively interpreted with the help of theoretical calculations performed on the isolated molecules at different levels of theory. [13] [14] [15] 18 Gas-phase IR spectrum of PA is available at the National Institute of Standards and Technology of the United States (NIST) vapor-phase IR spectra library 21 and was tentatively assigned in ref 13 .
To the best of our knowledge, there is no data on the photochemistry of either PA or INA. Nevertheless, it has been shown that the analogous compound pyrazinamide, which induces photosensitization in humans causing photohemolysis in erythrocites, 22 undergoes photolysis (at λ ) 337 nm) through R-cleavage between the excited carbonyl of the amide group and the aromatic ring and formation of the pyrazine radical. In aqueous or methanolic solution, this primary photoprocess is followed by hydrogen abstraction and dimerization (and also methanol addition). 23 A second photolytic pathway was also proposed involving cleavage of the amide bond, followed by a reaction with the solvent to form pyrazine carboxylic acid. 24, 25 In the present investigation, we studied the molecular structure, infrared spectra, and UV-induced (λ > 235 nm) photochemistry of PA and INA molecules isolated in cryogenic inert matrixes. The interpretation of the experimental results is supported by theoretical calculations undertaken at both density functional theory (DFT), using the hybrid B3LYP functional, and ab initio second-order Moller-Plesset (MP2) levels of theory. In addition, the IR spectra of the low-temperature (10-280 K) solid phases of the two compounds have also been investigated.
Experimental and Computational Methods
Picolinamide and isonicotinamide were obtained from Aldrich (purity 98 and 99%, respectively). The matrixes were prepared by co-deposition of the isolating gas (argon, 99.99990% and xenon, 99.995%, both obtained from Air Liquide) and the compound under study onto the cooled (10 K for argon; 20 K for xenon) CsI substrate of the cryostat (APD Cryogenics closecycle helium refrigeration system with a DE-202A expander). A glass vacuum system and standard manometric procedures were used to deposit the isolating gas. PA was placed in a specially designed doubly thermostable Knudsen cell with shutoff possibility whose main component is a NUPRO (SS 4BMRG) needle valve. The temperature of the cell could be controlled separately in the valve nozzle and the sample compartment, enabling a more precise control of the saturated gas pressure over the liquid compound and a better metering function of the valve. In all experiments, the valve nozzle temperature was ca. 323 K. INA was placed in a specially designed temperature-variable mini-oven assembled inside the cryostat. The temperature of the mini-oven used to evaporate INA was, in all experiments, ca. 313 K. The solid films of the neat compounds were prepared in a way similar to that used to obtain the matrixes, but in this case only vapors of the compounds were deposited onto the CsI substrate of the cryostat.
In the annealing experiments, the temperature was controlled and measured by a diode temperature sensor connected to a Scientific Instruments digital temperature controller (model 9659) to within (1 K. The temperature variation during the annealing was done in steps of 2 K, in the matrix isolation experiments, and 10-20 K, in the studies on the neat solid compounds.
The IR spectra were collected, with 0.5 cm -1 spectral resolution, on a Mattson (Infinity 60AR Series) Fourier transform infrared spectrometer, equipped with a deuterated triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter. To accommodate the cryostat head and allow efficient purging of the instrument by a stream of dry N 2 to remove water and CO 2 vapors, necessary modifications of the sample compartment of the spectrometer were made.
In situ UV (λ > 235 nm; 200 W) irradiation of the matrixes was carried out through the outer KBr window of the cryostat using a 500 W Hg(Xe) lamp (Newport, Oriel Instruments).
The quantum chemical calculations were performed with the Gaussian 98 suite of programs 26 at the DFT and MP2 levels of theory, using the 6-311++G(d,p) and 6-31G(d,p) basis sets, respectively. 27 The DFT calculations were carried out with the three-parameter hybrid density functional abbreviated as B3LYP, which includes Becke's gradient exchange correction 28 and the Lee, Yang, and Parr 29 and Vosko, Wilk, and Nusair correlation functionals. 30 Compared with the present DFT calculations, the previously reported 13 DFT/B3LYP study on PA and INA used the smaller 6-31++G(d,p) smaller basis set. Due to its increased flexibility in describing the valence shell, the 6-311++G(d,p) basis set appears as a more reliable option, particularly for a correct description of the vibrational modes. Regarding geometries and energies, both basis sets were found to provide similar results.
Structures were optimized using the geometry direct inversion of the invariant subspace method. 31 Vibrational frequencies were then calculated at each level of theory, and the nature of the stationary points on the potential energy surface resulting from optimization was determined by inspection of the corresponding calculated Hessian matrix. The optimized structures of all conformers described in this study were confirmed to correspond to true minimum energy conformations on the corresponding PES. The calculated frequencies were scaled down by a single factor (0.978) to correct them mainly for the effects of basis set limitations, neglected part of electron correlation, and anharmonicity effects, and used to assist the analysis of the experimental spectra. Normal coordinate analyses were undertaken in the internal coordinates space as described by Schachtschneider, 32 using the program BALGA and the optimized geometries and harmonic force constants resulting from the DFT(B3LYP)/6-311++G(d,p) calculations. Potential energy profiles for internal rotation were calculated performing a relaxed scan on the PES along the relevant reaction coordinates, and the transition-state structures for conformational interconversion obtained using the synchronous transit-guided quasiNewton method. 33 
Results and Discussion
Geometries and Energies. The conformationally relevant internal rotational axis in both PA and INA is defined by the O 15 dC 11 -C 2-N 1 dihedral angle. Table 1 ; conformers are depicted in Figure 1 . b MP2 energies were corrected by zero-point energies obtained at the B3LYP/ 6-311++G(d,p) level of theory. In agreement with a previous report, 13 after a systematic investigation of the potential energy surface of PA at the DFT-(B3LYP)/6-311++G(d,p) level of calculation, two different minimum energy conformations were found ( Figure 1 ). The most stable form (conformer I) was predicted to be planar, belonging to the C s point group and having the two nitrogen atoms in the syn periplanar geometry. This conformer is stabilized by the presence of two intramolecular hydrogen bondtype interactions (N 12 H 13 ‚‚‚N 1 and C 11 dO 15 ‚‚‚H 7 ) and was predicted by the DFT calculations to be more stable than the second conformer (conformer II) by 37.1 kJ mol -1 (35.7 kJ mol -1 at the MP2/6-31G(d,p) level). Conformer II is symmetrydegenerated (two equivalent forms) and belongs to the C 1 point group, with the O 15 dC 11 -C 2 -N 1 dihedral angle equal to (44.5°( (39.4°, at the MP2 level) and the amide nitrogen atom pyramidalized (the H-N(-C)-H dihedral angle is calculated to be 153.1 and 142.8°, at DFT and MP2 levels of theory, respectively).
The higher stability of conformer I is mainly due to the presence of the intramolecular hydrogen bonds established between N 12-H 13 and N 1 (H-bond distance: 2.26 pm) and between C 11 dO 15 and H 7 (2.51 pm). These two H-bonds stabilize the structure and force it to remain planar. In contrast, conformer II is nonplanar mainly due to the repulsion between the O 15 and N 1 lone pairs and between H 13 and H 7 ( Figure 1) .
The rotational barrier separating conformer II from the conformational ground state was predicted by the DFT calculations as being only 1.2 kJ mol -1 (Figure 2A ). Such a low barrier is an additional factor leading to the practical unimportance of the highest energy conformer, since even if this form could be produced in any way it would rapidly convert to the most stable form. Energy barriers of this size have been shown to be easily accessible even during deposition of cryogenic matrixes onto cold substrates kept at a temperature of less than 10 K. [34] [35] [36] [37] In the case of the INA, the carboxamide substituent is in the γ position of the pyridine ring. For this reason, the pyridinic nitrogen is too far from the carboxamide group and there is no possibility to be involved in any hydrogen bond. On the other hand, in the planar conformation, H 13 would be in close contact to one of the -hydrogen atoms of the aromatic ring (H 8 or H 9 ; Figure 1 ), thus forcing the molecule to adopt a nonplanar geometry. In turn, the lack of planarity increases the distance between the carbonyl oxygen and the other -hydrogen atom (H 9 or H 8 ), reducing the importance of the H-bond-like interaction between these atoms in comparison to what succeeds in PA. Accordingly, the relevant CdO‚‚‚H distances in INA and PA are predicted by the DFT calculations to be 2.55 and 2.51 pm, respectively. On the whole, the absence of the N-H‚ ‚‚N intramolecular hydrogen bond, the reduction of strength of the CdO‚‚‚H stabilizing interaction, and the presence of the H 13 ‚‚‚H(ring) repulsive interaction in INA, as compared to the most stable conformer of PA, make the first molecule to be higher in energy than the latter by 26.2 kJ mol -1 . It is worth mentioning that, as expected on the basis of the above considerations, DFT calculations undertaken at the same level of theory predicted the lowest energy conformer of NA as having an energy similar to that of INA and considerably higher than that of the most stable form of PA (∆E (NA-PA) ) 22.9 kJ mol -1 ).
The DFT potential energy profile for internal rotation about the C 11 -C 4 bond of INA is depicted in Figure 2B . Four equivalent-by-symmetry minima are observed, being separated from each other by barriers of 11.3 and 1.3 kJ mol -1 . In the minimum energy configurations, the planes of the carboxamide group and pyridine ring make an angle of 23.7°(DFT value; 25.1°at the MP2 level), and the aromatic ring is nearly planar (deviations from planarity of the dihedral angles associated with the ring are less than 3°; Table S2), while the amide nitrogen atom is predicted to be somewhat pyramidalized (the H-N(-C)-H dihedral angle is predicted by the DFT and MP2 calculations to be 157.2 and 146.1°, respectively). It is interesting that the calculated angle between the carboxamide and the pyridine ring in the isolated molecule of INA is similar to those found in the known crystalline modifications of the compound (30.5°in crystal I and 25.4 and 24.0°in crystal II 17 ).
Vibrational Spectra. IR Spectra of the As-Deposited Matrixes. Both PA and INA have 39 fundamental vibrations, all being active in the infrared. Table S3 displays the definition of symmetry coordinates of PA used in the normal coordinates analysis undertaken in this study. The DFT calculated spectra for the two conformers of PA and potential energy distributions (PED) are given in Tables S4 and S5. Table S6 shows the chosen  symmetry coordinates for INA, and Table S7 presents the calculated spectra and PEDs for this molecule. The proposed band assignments for the IR spectra of the two studied compounds isolated in argon and xenon matrixes are given in Tables 2 and 3 . Figures 3 and 4 depict the as-deposited spectra of PA and INA, respectively, trapped in argon and xenon matrixes obtained immediately after deposition at 10 and 20 K and the relevant calculated spectra. In the case of PA, only the most stable conformer (I) was taken into consideration because the population of the higher energy conformer was predicted by the calculations to be negligible (<0.0001% at 323 K, the temperature of the valve nozzle during deposition). As seen in Figure  3 , the calculated spectrum for conformer I fits nicely with the experimental one, making the assignment of the bands straightforward. The calculated spectrum for the stable structure of INA ; calculated intensities in km mol -1 . ν, bond stretching; δ, bending; γ, rocking; τ, torsion; w, wagging; s, symmetric; as, asymmetric; M, most stable site; L, less stable site. In the C-H stretching region, the observed spectra show bands of very low intensity, so that the proposed assignments must be considered tentative.
shows also a very good agreement with the experimental spectrum ( Figure 4) .
The experimental data revealed that the PA molecule occupies two main distinct matrix sites in argon matrix, one of them being considerably more stable than the other. This could be clearly seen during the performed annealing experiments, in which aggregation was observed to proceed differently depending on the specific matrix site initially occupied by the PA monomers. Indeed, upon annealing of the argon matrix the IR bands associated with the most stable matrix site practically did not decrease in intensity until a temperature of ca. 40 K was reached, while those corresponding to the less stable site started to lose intensity at a temperature as low as 24 K (Figure 5 ). At 36 K, the bands related to the less stable site have almost disappeared, whereas those related to the most stable site have kept their intensity practically unchanged.
In the xenon matrix, PA also occupies two main sites (Table  2) , but these seem to have very similar energies, since upon annealing of this matrix the observed aggregation was found to be independent of the site initially occupied by the PA monomers.
Some of the bands observed in the spectra of INA also exhibit splitting that, with all probability, is also due to the existence of different occupancy sites. However, for this molecule the stability of the different sites seems to be similar in both argon and xenon matrixes, at least taking into consideration the results of the annealing experiments, which did not reveal any dependence of aggregation with the initially occupied site.
It is interesting that the observed vibrational spectra for PA and INA provide clear information on the main structural difference between these two compounds, as mentioned before, the NH 2 ‚‚‚N(ring) interaction, which is only present in PA. In fact, as expected, the νNH 2 vibrations (both symmetric and antisymmetric modes) were observed at lower frequencies in PA, while the νC-N, wNH 2 , and τC-N modes absorb at higher frequencies in this molecule, comparatively to INA. All these trends are in agreement with the electronic charge migration from the N (12) -H (13) bond to the intramolecular H-bond in PA (thus the frequencies of the νNH 2 vibrations decrease), which is partially compensated by the increase in the electronic density of the C (11) -N (12) bond (νC-N frequency increases), and with the increase in the rigidity of the molecule toward deformation of the H (13) -N (12) -C (11) -C (2) -N (1) intramolecularly H-bonded five-membered ring (then, wNH 2 and τC-N modes increase in frequency). The calculated relative frequencies for the τ(C-C) vibration (not accessible experimentally under the present experimental conditions) in the two molecules are also in agreement with an increased rigidity of the H (13) -N (12) -C (11) - ; calculated intensities in km mol -1 . ν, bond stretching; δ, bending; γ, rocking; τ, torsion; w, wagging; s, symmetric; as, asymmetric; M, most stable site; L, less stable site. In the C-H stretching region, the observed spectra show bands of very low intensity, so that the proposed assignments must be considered tentative.
C (2) 11, 12 ). Regarding these trends, only the relative frequencies of the δNH 2 mode in PA and INA appear to be opposite of the expectations, with that of PA appearing at a lower value than that of INA (Tables 2 and 3 ). This apparent discrepancy, however, shall result from the fact that in PA the NH 2 group is planar, while in INA it is, as mentioned before, somewhat pyramidalized [it is well known, for instance, that δNH 2 occurs at higher frequencies in primary amines (ca. 1600-1650 cm -1 ) than in amides (ca. 1540-1600)].
Neat Solid-State Vibrational Spectra of PA and INA. As mentioned in the Introduction, the IR spectra of PA and INA have been studied previously in the neat solid state (noncharacterized crystal modifications in KBr pellets at room temperature, in some cases supported by theoretical calculations of the spectra of the single molecule [13] [14] [15] 18 ). In the present study, in addition to the IR spectra of the phase R of each compound, 16 ,17 low-temperature neat solid-state IR spectra of PA and INA were investigated. For the two compounds, both the glassy state resulting from fast deposition of the vapor of the substance onto the cold substrate of the cryostat kept at 10 K during deposition and the crystal obtained upon annealing of the glass were characterized spectroscopically. The obtained spectra are shown in Figures 6 and 7 , and the assignments are given in Tables 4 and 5 . The interpretation of the IR spectra of the solid-state phases took advantage of the spectroscopic data now obtained for the matrix-isolated compounds and from our accumulated experience regarding the main changes in the spectra associated with the change from the matrix environment to the neat solid phases, in particular those determined by H-bond interactions in the latter. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] In Tables 4 and 5 , the frequency shifts in going from the spectra of matrix-isolated PA and INA to the spectra of the compounds in the crystalline phase at low temperature are presented. It is clear from these results that the frequencies of the modes localized in the aromatic ring practically do not change (absolute shifts less than 20 cm -1 ; % shifts less than 2%). On the other hand, those associated with the amide group change considerably, reflecting the involvement of this group in H-bond interactions in the crystal. Accordingly, the bands due to the NH 2 and CdO stretching modes show the usual shift to lower frequencies (accompanied by extensive broadening and . Selected spectral regions of the infrared spectra of PA in an argon matrix obtained during the annealing experiments. This picture clearly shows the presence of two main matrix sites with different stability. Bands originated in PA in the most stable matrix site are indicated by the "+" sign, whereas bands due to PA molecule in the less stable matrix site are labeled with a "-" sign. intensification), while the δNH 2 , wNH 2 , γNH 2 , γCdO, δCd O, and τC-N deformational modes shift to higher frequencies, as expected taking into consideration the increase in the rigidity of the molecule toward deformation due to the H-bonding. The observed increase in the C-N stretching frequency (Tables 4  and 5 ) could also be anticipated since the involvement of the amide group in intermolecular H-bonding in the neat solid state, and the associated decrease in the electronic density in the N-H bonds it implies, induces a compensatory increase in the electronic density of the amide C-N bond, thus leading to the observed shift to a higher frequency of the νC-N vibration.
Among the observed frequency shifts and band profile changes, the most pronounced occur for the two NH 2 stretching modes and for the τC-N and γNH 2 vibrations (Figures 6 and  7 and Tables 4 and 5 ). The influence of the H-bonding interactions in these two types of vibrations has in fact been extensively studied in the past and is well known to be extremely important, the observed magnitude of the frequency shifts reflecting the strength of the H-bonds. 38 Tables 4 and 5 ). This result agrees well with the relative melting point of the two compounds (R phases: 107-110°C for PA and 156°C for INA 17 ).
(b) For both PA and INA, the most sensitive bands to H-bonding are considerably broader in the glassy than those in the crystalline states (this is particularly noticeable for τC-N and γNH 2 , but it is also clearly evident in the νNH 2 region; Figures 6 and 7) . This result agrees with the greater short-range heterogeneity of the glassy phase compared with the ordering of the crystalline phases. It is noteworthy that the bands due to the τC-N and γNH 2 modes are well visible in the spectra of the crystalline phases, whereas in the glassy state they give rise to the broad unstructured band observed in the spectra of both compounds that extend from ca. 900 to below 500 cm -1 ( Figures  6 and 7) . (c) Also for both compounds, the spectrum of the lowtemperature crystal clearly reveals the smaller mobility of the molecules when compared with that of the room-temperature crystal. This reflects in the considerably smaller width of the bands in the spectra obtained at low temperature. In turn, this leads to a higher intrinsic spectral resolution, allowing for observation of fine details of the spectra of the low-temperature crystal, such as extensive band splitting, which correlates with the complexity of the crystalline networks in the two molecules. 16, 17 UV-Induced Photochemistry for the Compounds in Matrixes. Upon broad-band UV irradiation (λ > 235 nm) of matrixisolated monomeric PA, the spectrum of the compound rapidly lost intensity, while new bands due to photoproducts developed. The most prominent features of the photoproducts were observed in the 2300-2100 cm -1 spectral range, though other features could also been observed in both the low-and high-frequency spectral regions, as shown in Figure 8 . The proposed set of photoinduced processes is depicted in Figure 9 . The assignments of the new bands in the spectra of the irradiated matrixes are given in Table 6 , where they are compared with the calculated [B3LYP/6-311G++G(d,p)] frequencies for the photoproducts as well as with those previously reported for these compounds isolated in an argon matrix. [49] [50] [51] [52] Since the experiments carried out for PA in argon and xenon matrixes yielded essentially the same results, the following discussion will focus on the results obtained in argon.
Observation in the spectra of the irradiated PA matrixes of the intense, broad, and structured new band at 2300-2200 cm -1 is a clear indication of the photoproduction of isocyanic acid (HNCO), 49, 50 which also gives rise to the bands observed at 3530/3527/3525, 3514, 3496, 777, and 569 cm -1 . Bands at similar frequencies have been observed previously for HNCO isolated in argon. 49, 50 According to Teles et al., 49 the bands at 3514 and 3496 cm -1 correspond to a Fermi doublet involving coupling of the νN-H stretching mode and the combination νNCO as + δHNC + δNCO, while the triplet at slightly higher frequencies corresponds to νN-H of rotating HNCO molecules (fundamental vibrational transition coupled with the 1 r 0 rotational transition). On the other hand, the 777 and 568 cm -1 bands are due to the δHNC and δNCO modes, respectively. It is important to notice that the frequencies now observed for (Table 6 ), clearly indicating that the large majority of the HNCO molecules resulting from the photolysis of PA cannot escape from the matrix cage where they are produced and are interacting with pyridine, which is formed together with HNCO ( Figure 9 ). The extensive structure observed in the band ascribed to the νNCO vibrational mode in the 2300-2200 cm -1 region, otherwise a single broad band, 49 is also in agreement with the involvement of HNCO in associates with pyridine.
Almost all bands expected for pyridine could be observed in the spectra of the PA-irradiated argon matrixes ( Figure 8 and Table 6 ), confirming that this compound is produced together with HNCO in the photochemical reaction. Compared to that of the spectrum of the sole pyridine in argon matrix, 51, 52 the frequencies of the bands now observed in the photolyzed PA matrix spectra also appear slightly shifted due to the involvement of pyridine in associates with other photoproducts.
Very interestingly, the spectra of the photolyzed matrix also exhibit the characteristic band of carbon monoxide at ca. 2138 cm -1 (Figure 8 ), 53 indicating that further processes took place upon irradiation of the matrix. In principle, there were two possible sources for the observed CO: (a) direct decarbonylation from PA, with simultaneous formation of 2-aminopyridine and (b) elimination of CO from isocyanic acid, leading also to the production of HN. Since no bands could be found in the spectra of the irradiated matrix that could be assigned to 2-aminopyridine (the IR spectrum of 2-aminopyridine was calculated at the B3LYP/G-311++G(d,p) level of theory and used to check for the presence of this compound in the irradiated matrix), the direct decarbonylation of PA could be doubtlessly discarded as source of the observed CO. Hence, CO must result from subsequent photoreactions of the initially formed isocyanic acid. Also in agreement with this interpretation the growing of the bands assigned to isocyanic acid practically stops upon prolonged irradiation of the matrix, indicating that this molecule should be involved in a secondary reaction.
The reactivity of isocyanic acid in low-temperature inert matrixes upon UV photolysis has been studied in detail since long ago, 50,54-59 and two main primary reaction channels have been proposed: (i) HNCO f HN + CO and (ii) HNCO f H + NCO. Both channels allow for subsequent reactions to form cyanic acid (HOCN). In consonance with these results, a detailed examination of the spectra of the irradiated argon matrix of PA also revealed the presence of HOCN (Figure 8 ). This compound gives rise to the bands observed at 3573, 2280 (high frequency shoulder of the most intense band ascribed to the νNCO as stretching of isocyanic acid), 1228, 1072, 504, and 464 cm -1 , which are in good agreement with both the theoretically obtained frequencies and previously reported vibrational data for HOCN isolated in argon matrix 49 (Table 6) .
Irradiation experiments undertaken using the same experimental procedures as those for PA were also carried out for INA. However, for this compound, even after prolonged irradiation (200 min) of the matrixes (both argon and xenon), no photoreactions could be observed. It is quite interesting to note that an identical behavior was previously found for the analogous pyridinecarboxaldehydes. Indeed, very recently, Ohno et al. 60 investigated the UV photolysis of matrix-isolated 2-, 3-, and 4-pyridinecarboxaldehyde, and they concluded that among the three isomers only the 2-substituted one undergoes UV photolysis, yielding CO + pyridine and reaction products. Figure 10 shows the UV-visible spectra of PA and INA in water solution at room temperature. As shown, the spectra of the two compounds do not differ very much, in both cases indicating that in the irradiation experiments undertaken in this study for the matrix-isolated compounds excitation to the S 1 (π,π*) state has been carried out. Hence, only taking into consideration strict electronic characteristics of the two molecules it is difficult to explain its observed different reactivity upon photolysis. It seems clear that the presence of the nitrogen atom in a close proximity of one of the hydrogen atoms of the NH 2 amide group in PA (or, in the case of the pyridinecarboxaldehydes, close to the aldehyde hydrogen atom in the most stable conformer of 2-pyridinecarboxaldehyde 60 ) is essential to activate the molecule to photolytic transformations. In turn, this points to a mechanism where the cleavage of the C-C bond occurs simultaneously with the H-atom transfer from the substituent to the nitrogen ring, followed by fast 1,2-hydrogen shift from the nitrogen to the ortho carbon atom, most probably with pyridin-1-ium-2-ide as intermediate.
Conclusions
Picolinamide was shown to possess two different energy minima, but with only the most stable form presenting relevance in practical terms due to the considerably large energy difference between the two conformers (>35 kJ mol -1 ). Isonicotinamide was predicted to possess only one stable conformation. In consonance with the theoretical predictions, both PA and INA were found to exist in a single conformation in cryogenic rare gas matrixes. In argon matrix, PA was found to occupy two distinct matrix sites, which possess considerably different stabilities.
Full assignment of the spectra (in the 4000-400 cm -1 spectral range) of the matrix-isolated compounds was undertaken, supported by the results of the theoretical [B3LYP/6-311++G-(d,p)] calculations. UV (λ > 235 nm) irradiation of the matrixes showed that while INA is nonreactive, PA undergoes easy photocleavage of the C (2) -C (11) , with production of isocyanic acid and pyridine, the first photoproduct further reacting to yield CO + NH and cyanic acid. The different photochemical behavior of the two compounds was explained considering that in PA the ring nitrogen atom in the ortho position to the amide substituent facilitates the photochemical cleavage of the C-C bond by accepting the amide H-atom that is expelled from the Table 4 . The intensity of the spectrum of PA (pointing down) was reduced by a factor of 76%. (Top) Simulation of the infrared difference spectrum shown in the bottom panel of the figure, based on the B3LYP/6-311++G(d,p) calculated spectra (wavenumbers scaled by 0.978) for PA (conformer I; bands pointing down) and for its photoproducts (pyridine, HNCO, and HOCN). The intensities of the individual spectra were multiplied by different factors to obtain a better simulation of the experimental difference spectra. Figure 9 . Proposed pathway resulting from in situ UV (λ > 235 nm) irradiation of PA isolated in rare gas matrixes. All indicated photoproducts except HN could be experimentally observed.
amide group (to form isocyanic acid). Subsequent 1,2-migration of this hydrogen atom leads to formation of the observed final photoproduct: pyridine. The observed photochemical deamidation of PA, now described for the first time, might have significance from the point of view of biological uses of the compound.
The infrared spectra of both the low-temperature glassy state and crystalline phase (resulting from the annealed glass) as well as those of the room-temperature crystal (R-phase) of the studied compounds were also investigated, and the relevant spectral parameters were correlated with intermolecular interactions present in the condensed phases, in particular H-bond interactions. These were found to be stronger in INA than those in PA.
